I n this paper, we investigate theoretically the excitation of modes by a line source, as well as their modal structure and dispersion, in a parallel-plate waveguide that is filled with a pair of parallel slabs; one being a lossless "douhle-negative (DNG)" material and the other being a lossless conventional i'douhle-positive (DPS)" medium. Previously, we have shown that such "conjugate" pairing of DNG and DPS materials may lead to reduction of size in one-dimensional cavity resonators and waveguides. The analysis presented here describes the proper modes in such a I-D parallel plate waveguide, and reveals the possibility of no cut-off thickness for this class of parallelplate waveguides, which implies that a proper TE or TM mode may always be excited in such a waveguide independent of the overall thickness of the waveguide. The excitation of guided modes by a line source and their power-flow peculiarities are discussed, and the analogy to the concept of "open I-D cavity" in such a waveguide is mentioned. Some of the interesting features and physical insights regarding the power flow in these guided modes will be presented.
Introduction
Research on electromagnetic properties of the "double-negative (DNG)" medium, i.e., the medium in which both permittivity and permeability may possess negative real parts at a certain band of frequency, has become a topic of interests in many research groups around the world. The idea of such a material dates back to Veselago who postulated and studied theoretically the plane wave propagation in such a medium in 1967 [I] . Recently, the research group of Smith, Schultz and Shelby at the University of California San Diego constructed a particulate composite material made of arrays of dipoles and split-ring resonators, and experimentally showed a phenomenon that may he interpreted as an anomalous refraction [2] , indicating that such a composite material may be a DNG medium. Since then, a variety of research efforts by many groups has been focused on investigating electromagnetic properties of this class of materials. One such class of problems is the analysis of modes in waveguides and cavities containing DNG media. In an earlier work, Engheta analyzed the electromagnetic fields within a one-dimensional (I-D) parallel-plate cavity resonator in which a pair of lossless DNG and DPS slabs was inserted [3] . There he showed that due to the phase compensation properties of the DNG materials, pairing of DNG and DPS slabs may conceptually provide the possibility of having sub-wavelength thin cavities. Following that work, in [4] he presented a first set of preliminary results and ideas for the guided modes in a parallel-plate waveguide containing these paired slabs. Later in [5], we showed the effects of the anomalous mode coupling between the DNG and DPS open waveguides located parallel to, and in proximity, of each other. Here in the present work, we present our analysis for the detailed modal structures and dispersion of modes excited by a line source in such parallel-plate waveguides. Some other research groups In the next section, we first present a brief description of modal structures and dispersion characteristics in the parallel-plate DNG-DPS waveguides, and then we discuss mode excitation in such waveguides.
Modal Structure and Dispersion
The geometry of interest, as shown in Fig. I (Fig. 2a) and the one for the DPS-DPS waveguide (Fig. 2b) is the fact that when d, approaches zero, the total thickness of the DNG-DPS waveguide required to satisfy Eq. (2) also tends to zero, conceptually implying that there is no cut-off thickness below which no mode can propagate. This is not the case for the standard DPS-DPS waveguide, as can been seen from Fig, 2b . What becomes important for such thin DNG-DPS waveguides is the slope of the curve around very small dl and d, . In fact, if d, and dz are small enough such that the small-argument approximation can be used for the tangent functions in Eqs. ( I ) and (Z), these equations can be simplified into d, idz o ~p z~/~p l I, which is a constraint on the ratio between the two slab thicknesses, for given values of material parameters at a fixed frequency. So conceptually, one can have a thin, subwavelength waveguide that can still support a TE (or a TM) propagating mode. As the thicknesses d, and dz become smaller and smaller, while keeping the condition d, / d z E 1p21/lpll satisfied, the value of p for the guided mode (which is unique for such thin waveguides) becomes more and more sensitive to slight variations of the structure parameters. where the choice in the sign depends on whether the guided mode is a forward or backward wave. An analogous concept for guided waves with backward power flow was also studied previously in circular waveguides loaded inhomogeneously with dielectric rods or ferrites (e.g.,
[lo]). One of the differences between the current DPS-DNG parallel-plate waveguides and those circular waveguides with backward-wave structures is the complete separation between the two opposite power fluxes here, one being in the DPS layer and the other in the DNG layer, which potentially presents some interesting possibilities for microwave applications. Finally, it should be noted that as a particular case it may be possible to have the net power flow for a guided mode zero in Eq. (4), even though p f 0 . In such a case, the power flux in the DPS layer is equal in magnitude and opposite in direction to the power flux in the DNG layer, implying that the waveguide is effectively acting as an "open cavity". One such scenario may happen when the DPS and DNG layers are so-called "perfectly matched, i.e., E, = -E~, pi = -p2 , d, = dz . Aside from this special case, very thin waveguides capable of supporting a propagating mode do carry nonzero net-power, thus potentially allowing miniaturization of guided wave components.
